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,QWURGXFWLRQ
1DWXUDO JDV KDV FRPH WR WKH IRUHIURQW RI WKH LQWHUQDWLRQDO HQHUJ\ GHEDWH DV JOREDO HQHUJ\GHPDQG ULVHV$V D
UHVXOW WKH WUDQVSRUWRIQDWXUDOJDVEHFRPHV LPSRUWDQW7KHQDWXUDOJDV UHVRXUFHVDUH WRDJUHDWGHJUHH ORFDWHG IDU
IURP WKHLUPDUNHWV&XUUHQWO\ RIJDV LV WUDQVSRUWHG WRPDUNHW E\SLSHOLQH DQGDV OLTXHILHG QDWXUDO JDV
/1*+RZHYHUVRPHRIWKHGLVFRYHUHGJDVLVFRQVLGHUHGDV³VWUDQGHG´WKURXJKRXWWKHZRUOG³6WUDQGHG´LV
GHILQHGDVJDVUHVHUYRLUIUDFWLRQVWKDWSUHYHQWWKHLUGHYHORSPHQWRURSWLPDOSURGXFWLRQIURPDQRLORUJDVILHOGDVD
UHVXOW RI WKHLU GLVWDQFH IURP WKHPDUNHW ODFN RI WUDQVSRUW HFRQRP\ RU FRQYHUVLRQ WHFKQRORJ\ 7KH IHDVLELOLW\ RI
SLSHOLQHVLVJUHDWO\KLQGHUHGE\GLVWDQFHOLPLWVDQGWHUUDLQUHVWULFWLRQV/1*IDFLOLWLHVDUHH[SHQVLYHWRFRQVWUXFWDQG
WKH SURFHVV LV HQHUJ\ ZDVWHIXO 1DXWLFDO FRPSUHVVHG QDWXUDO JDV &1* WHFKQRORJ\ SURSRVHG LQ UHFHQW \HDUV
SURYLGHV DQ DOWHUQDWH JDV WUDQVSRUWDWLRQ V\VWHP WKDW ZRXOG VXSSO\ DQ HIIHFWLYH ZD\ WR H[SORLW UHVHUYHV ZKLFK
RWKHUZLVHZRXOGUHPDLQVWUDQGHGDQGZRXOGXQIROGPDQ\VPDOOPDUNHWVWKDWFRXOGQRWEHHFRQRPLFDOO\MXVWLILHG>@
,Q &1*WUDQVSRUW V\VWHP JDV LV VWRUHG DW DPELHQW WHPSHUDWXUH LQ YHUWLFDO F\OLQGULFDO SLSHV RQERDUG WKH VKLS
6DIHW\LVFOHDUO\DQRYHUULGLQJLVVXHZLWKDOOQDWXUDOJDVV\VWHPVDQGWKXVZLWK&1*WUDQVSRUWFDUULHUV/HDNEHIRUH
EUHDN/%%LVDQLPSRUWDQWPHWKRGRORJ\RIPDLQWDLQLQJWKHLQWHJULW\RISUHVVXUHYHVVHOV7KHPDLQFKDUDFWHULVWLF
RIVDIH/%%WHFKQRORJ\LVWKHGHYHORSPHQWRIDVPDOOVWDEOHOHDNZKLFKFDQEHGHWHFWHGEHIRUHLQVWDELOLW\>@8QOLNH
WKH /%%SUHVHQWO\ DSSOLHG WR SUHVVXUH V\VWHPV LQ WKH QXFOHDU LQGXVWU\ WKHUH LV D QHZ SK\VLFDO SKHQRPHQRQ QRW
HQFRXQWHUHGEHIRUHWKH-RXOH7KRPVRQ-7HIIHFW7KH-7HIIHFWLVWKHFRROLQJRI&1*JDVWKDWRFFXUVGXULQJUDSLG
H[SDQVLRQ IURPD OHDN LQ WKH FRQWDLQPHQWYHVVHO FKLOOLQJ WKHPHWDO LQ WKHYLFLQLW\RI WKH FUDFN DQG UHGXFLQJ WKH
IUDFWXUH WRXJKQHVV RI WKH ZDOO PDWHULDO>@ )UDFWXUH WRXJKQHVV LV DQ LQKHUHQW SURSHUW\ RI WKH PDWHULDO ZKLFK
GHVFULEHV WKHDELOLW\RI DPDWHULDO FRQWDLQLQJDFUDFN WR UHVLVW IUDFWXUH ,QJHQHUDO WKH IUDFWXUH WRXJKQHVVRIPRVW
VWHHOVGHFUHDVHVZLWKWKHORZHULQJRI WKHWHPSHUDWXUH>@7KHUHGXFWLRQRIPDWHULDO¶VIUDFWXUH WRXJKQHVVKDVWHQV
WKHRQVHWRIXQVWDEOHFUDFNSURSDJDWLRQUHGXFLQJWKHRSHUDWRUUHVSRQVHWLPH
7KHUHVHDUFKDERXWWKH-RXOH7KRPVRQFRROLQJHIIHFWRIJDVOHDNLQJWKURXJKDFUDFNLVUDUH5HHSPH\HUHWDO>@
KDYHFDUULHGRXWVHYHUDOK\GUDXOLFIXOOVFDOHIDWLJXHWHVWVLQDFFRUGDQFHZLWKWKHUHTXLUHPHQWVLQ'HW1RUVNH9HULWDV
'19 UXOHV IRU &1* FDUULHUV 7KH\ SRLQWHG RXW WKDW WKH ORZ WHPSHUDWXUH LQ WKH FUDFN WLS DUHD OHDGV WR D
GHWHULRUDWLRQRIWKHPDWHULDO¶VIUDFWXUHWRXJKQHVVFDSDFLW\7KHUHDUHXQFHUWDLQWLHVUHODWHGWRWKHWHVWHGUHVXOWVDVWKH
VKDSHRIWKHOHDNZKLFKLVXQUHDOLVWLFDOO\ODUJHDODUJHPDFKLQHGVORWRIPPLQOHQJWKDQGPPZLGHLQDSLSH
RIGLDPHWHURI¶¶DQGZDOOWKLFNQHVVRIPPUHSUHVHQWVWKHFUDFNDIIHFWVWKHIORZFKDUDFWHULVWLFVRIWKHJDV
7KLV FKDUDFWHULVWLFKDVDELJ LPSDFWRQ WKHSUHVVXUHGURSDQGFRQVHTXHQWO\RQ WKH WHPSHUDWXUHGURS ,W VKRZHGD
WHPSHUDWXUHGURSRIq&IRUDSUHVVXUHGURSRIEDUZRXOGKDYHDYHU\VLJQLILFDQWLPSDFWRQWKHPHWDO¶VIUDFWXUH
WRXJKQHVV7KH WHVWVJDYH D VWURQJ LQGLFDWLRQRI WKH VHYHULW\RI WKH -7HIIHFW DQG LWKLJKOLJKWHG WKDW WKLV HIIHFW LV
LQGHHGFUHGLEOHDQGZRUWK\RIDPRUHWKRURXJKUHH[DPLQDWLRQ
7KHFKDOOHQJHVLQWKLVVWXG\DUHKRZWRGHYHORSDPRGHOWRUHSUHVHQWWKH-7HIIHFWLQQDUURZDQGWRUWXRXVFUDFNV
DQG WR HYDOXDWH WKH SUHVVXUH DQG WHPSHUDWXUH GURS RI OHDNLQJ JDV WKURXJK FUDFNV7KH SURFHVV LV DIIHFWHG E\ WKH
IDFWRUV VXFK DV FUDFN RSHQLQJ GLVSODFHPHQW FUDFN VXUIDFH DQJOH FUDFN WXUQV VXUIDFH URXJKQHVV DQG WHPSHUDWXUH
GHSHQGHQW SURSHUWLHV RI JDV7KLV SDSHU SUHVHQWV D UHDVRQDEOH FUDFNPRGHO WR FDOFXODWH WKH WHPSHUDWXUH DQGKHDW
WUDQVIHUFRHIILFLHQWRIOHDNLQJJDVWKURXJKDFUDFNDQGWKHQVLPXODWHWKHWHPSHUDWXUHGLVWULEXWLRQLQWKHYLFLQLW\RI
WKHFUDFN
6XPPDU\RIH[SHULPHQWDOZRUN
$QH[SHULPHQWDOVWXG\RIWKH-7HIIHFWUHSRUWHGE\$L*HWDO>@ZDVFRQGXFWHGE\XVLQJDUJRQJDVWRVXEVWLWXWH
PHWKDQH$UJRQLVVDIHUDVLW LV LQHUWFRPSDUHGWRIODPPDEOHPHWKDQHWKHPDMRUFRQVWLWXHQWRIQDWXUDOJDVDQGLW
SRVVHVVHVD VLPLODU -RXOH7KRPVRQFRHIILFLHQW WR WKDWRIPHWKDQH$SUHVVXUHYHVVHOZDVGHVLJQHGDQG IDEULFDWHG
DFFRUGLQJWR$60(%RLOHUDQG3UHVVXUH9HVVHO&RGH6HFWLRQ9,,,'LYLVLRQDQG6HFWLRQ,,3DUW'>@DVVKRZQLQ
)LJ7KHWHVWSODWHFRQWDLQLQJDQDUWLILFLDOEXWUHDOLVWLFFUDFNZDVFODPSHGEHWZHHQWKHXSSHUDQGORZHUIODQJHVRI
WKHSUHVVXUHYHVVHO7KHDUWLILFLDOFUDFNZDVPDGHE\ILUVWPDFKLQLQJDEORFNRIVWHHO WKHQTXHQFKLQJLQ OLTXHILHG
QLWURJHQEHIRUHFUDFNLQJLQDWKUHHSRLQWEHQGULJ7KHFUDFNHGSLHFHVZHUHPDWHGDQGZHOGHGWRJHWKHULQWRWKHVORW
PDFKLQHGLQWKHWHVWSODWH7KHUHVXOWLVWLJKWO\ILWWLQJUHDOLVWLFFUDFNOLNHOHDNSDWKDVVKRZQLQ)LJ,QWKH-RXOH
7KRPVRQH[SHULPHQWKLJKSUHVVXUHJDVZDVDOORZHGWROHDNWKURXJKWKHFUDFNLQWKHWHVWSODWHE\WDSSLQJWKHKLJK
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SUHVVXUH JDV LQWR WKH SUHVVXUH YHVVHO 7HPSHUDWXUH LQ WKH YLFLQLW\ RI WKH FUDFN DQG SUHVVXUH LQVLGH WKH SUHVVXUH
YHVVHOZHUHPHDVXUHGE\ WKHUPRFRXSOHVDQGDGLJLWDOSUHVVXUHJDXJH UHVSHFWLYHO\7KHVXUIDFHURXJKQHVVRI WKH
VXUIDFHVRIFUDFNZDVPHDVXUHGE\WKHVXUIDFHPHWURORJ\WREHP7KHFUDFNZLGWKLHWKHFUDFNRSHQLQJ
GLVSODFHPHQWZDVPHDVXUHGE\IHHOHUJDXJHWREHPP


)LJ6HWXSRIWKHWHVWV\VWHP
,Q WKLV H[SHULPHQW WKHPD[LPXPSUHVVXUH RI DUJRQ UHDFKHV LQ WKH SUHVVXUH YHVVHO LV EDU7KH WHPSHUDWXUH
FKDQJHV RQ WKH RXWVLGH VXUIDFH RI WHVW SODWH LQ KRUL]RQWDO GLUHFWLRQ WR WKH FUDFN OLQH DUH VKRZQ LQ)LJ $IWHU
LQYHVWLJDWLRQDQGDQDO\VLVLWLVIRXQGWKDWWKHWHPSHUDWXUHULVHRQWKHVXUIDFHRIWKHWHVWSODWHDWWKHEHJLQQLQJRIWKH
H[SHULPHQWLQ)LJLVFDXVHGE\WKHWHPSHUDWXUHLQFUHDVHRIWKHJDVLQVLGHWKHSUHVVXUHYHVVHO7KHUHDVRQIRUWKH
WHPSHUDWXUHULVHLVDVIROORZV$WWKHEHJLQQLQJRIWKHH[SHULPHQWKLJKSUHVVXUHJDVZDVWDSSHGLQWRWKHSUHVVXUH
YHVVHOZKLOHWKHOHDNDJHZDVQHJOLJLEOHGXHWRWKHORZHUSUHVVXUHLQVLGHWKHSUHVVXUHYHVVHO$WWKLVWLPHWKHVKDUS
LQFUHDVHRIWKHSUHVVXUHLQVLGHWKHSUHVVXUHYHVVHODFFRXQWVIRUWKHULVHRIJDVWHPSHUDWXUHZKLFKFDQEHH[SODLQHGE\
WKHILUVWODZRIWKHUPRG\QDPLFV7KHJDVZDUPLQJHIIHFWGLVDSSHDUHGZKHQWKHSUHVVXUHLQVLGHWKHSUHVVXUHYHVVHO
WHQGHGWREHVWDEOH$WWKHVDPHWLPHWKH-7FRROLQJHIIHFWRFFXUUHGGXULQJJDVOHDNLQJWKURXJKWKHFUDFNEHJDQWR
GRPLQDWHWRFRROWKHVXUURXQGLQJPHWDO,W LVQRWLFHGWKDWWKHUHLVDVLJQLILFDQWWHPSHUDWXUHGURSGXULQJWKLVVWDJH
'XULQJ WKH WHPSHUDWXUH VWDEOH VWDJH EHWZHHQ±V WKH WHPSHUDWXUHRI WKHPHWDO LQFUHDVHVVOLJKWO\DV WKH
SUHVVXUH LQ JDV VXSSO\ FRQWDLQHUV UHGXFHV JUDGXDOO\ 7KH JDV VXSSO\ ZDV VWRSSHG DIWHU ILQLVKLQJ WKH WHVW WKH
WHPSHUDWXUHLQWKHYLFLQLW\RIWKHFUDFNGHFUHDVHGDEUXSWO\ZLWKWKHVKDUSGHFUHDVHGSUHVVXUHLQWKHSUHVVXUHYHVVHO
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 
D7KHFUDFNHGWHVWEORFNVSODFHGLQWRWKHWHVWSODWHEHIRUHZHOGLQJ

E7KHUPRFRXSOHORFDWLRQVRQWKHWHVWSODWH
)LJ7KHWHVWEORFNZHOGHGLQWRWKHWHVWSODWHDUHDG\IRUZHOGLQJEWKHUPRFRXSOHORFDWLRQV
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
)LJ7HPSHUDWXUHFKDQJHVLQKRUL]RQWDOGLUHFWLRQWRWKHFUDFNOLQHRQWKHRXWVLGHVXUIDFH
RIWKHWHVWSODWHWKHPLVVLQJ+DQG+UHIHUWRWKHEURNHQWKHUPRFRXSOHV
7HVWEORFNV
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0DWKHPDWLFDOPRGHOLQJ
,QD UHDOFUDFN WKH IORZSDWKRIWHQGHYLDWHV IURP WKHSODQHVXUIDFHDQG LV WKUHHGLPHQVLRQDO WKLV LVNQRZQDV
WRUWXRVLW\7RUWXRVLW\ LQFUHDVHV WKHGLVWDQFHRUSDWK OHQJWK WKDW WKHJDVZLOOKDYH WR WUDYHODV LOOXVWUDWHG LQ)LJ
%HFNHWDO>@SRLQWHGRXWWKDWWKHPDFURVFRSLFWRUWXRVLW\DVWKHFUDFNSDWKZDQGHUVDVVKRZQLQDDQGFRI)LJ
LVPXFKOHVVVLJQLILFDQWWKDQWKHPLFURVFRSLFWRUWXRVLW\DULVLQJIURPWKHIUDFWXUHSURFHVVSURYLGHGWKDWWKHFUDFN
IDFHVUHPDLQFRLQFLGHQW7KHUHIRUHWKHSODQDUFUDFNPRGHOELVFRQVLGHUHGLQWKLVUHVHDUFK


)LJ3RVVLEOHIUDFWXUHVXUIDFHVZKHUHVDZWRRWKSHDNVDQGYDOOH\VUHSUHVHQWHGWKHURXJKQHVVDQGWRUWXRVLW\LV
UHSUHVHQWHGE\EHQGVLQWKHFUDFNSDWKVDZLWKRQHEHQGESODQDUZLWKRXWEHQGVDQGFZLWKPXOWLSOHEHQGV

)LJ'HWDLOHGVFKHPDWLFRIIORZDURXQGVHYHUDOFUDFNWXUQV
E3ODQDUFUDFN
WF
Crack turn
t
Į
ș
Flow direction
5JODPS
tHII
WFHII
W
W W
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)LJ$PRGHORIDFUDFNGLYLGHGLQWRPDQ\HTXLYDOHQWSDUWV
$IWHU FRPSDULVRQ DPRQJ GLIIHUHQW PRGHOV WKH PRGHO SURSRVHG E\ 7DJJDUW HW DO>@ LV DGRSWHG EHFDXVH LW LV
VXSSRUWHGE\H[SHULPHQWDOGDWD>@7KHGHWDLOHGGHVFULSWLRQRIFUDFNJHRPHWU\LVVKRZQLQ)LJĮLVWKHFUDFN
VXUIDFH DQJOH UHODWLYH WR WKH FUDFN GLUHFWLRQ WKURXJKZDOO ș LV WKH DYHUDJH IORZ GLUHFWLRQ UHODWLYH WR WKH FUDFN
GLUHFWLRQWKURXJKZDOOWFHIILVWKHHIIHFWLYHFUDFNZLGWKSHUSHQGLFXODUWRWKHDYHUDJHIORZGLUHFWLRQWcLVWKHFUDFN
RSHQLQJ GLVSODFHPHQW RU FUDFN ZLGWK SHUSHQGLFXODU WR WKH WKURXJKZDOO GLUHFWLRQ t LV WKH FUDFN WKURXJKZDOO
WKLFNQHVVLHFUDFNGHSWKtHIILVWKHHIIHFWLYHFUDFNWKURXJKZDOOWKLFNQHVVRORFDOLVWKHORFDOURXJKQHVVRJOREDOLVWKH
JOREDO URXJKQHVV DQG RJODPS LV WKH SHDNWRWURXJK DPSOLWXGH RI WKH JOREDO URXJKQHVV FRQWRXUV IRU D VDZWRRWK
JHRPHWU\HTXDOWRIRXUWLPHVWKHJOREDOURXJKQHVVRJOREDOWWDQGWDUHJHRPHWU\SDUDPHWHUVZKLFKDUHXVHG
IRUWKHFDOFXODWLRQRIWFHII
7KHFUDFNZDVGLYLGHGLQWRPDQ\HTXLYDOHQWSDUWVDORQJWKHFUDFNGHSWKGLUHFWLRQDVVKRZQLQ)LJ)RUHDFK
LQFUHPHQW WKH DUJRQJDV¶VSUHVVXUH WHPSHUDWXUH DQGKHDW WUDQVIHU FRHIILFLHQW LQVLGH WKH FUDFNZHUH HYDOXDWHGE\
HPSOR\LQJWKHLWHUDWLYHFRGHRI0$7/$%SURJUDPDVVKRZQLQ)LJ
7DEOH  VKRZV FUDFNJHRPHWU\ SDUDPHWHUV DQG LQLWLDO VWDWH SDUDPHWHUV RI DUJRQ JDV LQVLGH WKH SUHVVXUH YHVVHO
VDPHDVWKDWLQWKHH[SHULPHQW%HFNHWDO>@FRQFOXGHGWKDWFRPSDULVRQZLWKH[SHULPHQWDOUHVXOWVLQGLFDWHVWKDWLQ
WKH DEVHQFH RI SURSHUPHDVXUHPHQW WKH YDOXH RI ʌ IRU FUDFN VXUIDFH DQJOH LV UHDVRQDEOH $QG WKH FDOFXODWLRQ
UHVXOWVLQ0$7/$%DUHQRWVHQVLWLYHWRWKHYDOXHRIFUDFNVXUIDFHDQJOHĮ7KHUHIRUHWKHYDOXHRIʌLVVHOHFWHG
DVWKHFUDFNVXUIDFHDQJOH
7DEOH([SHULPHQWDOFUDFNJHRPHWU\SDUDPHWHUVDQGLQLWLDOVWDWHSDUDPHWHUVRIDUJRQJDVLQVLGHWKHSUHVVXUHYHVVHO
,QSXWSDUDPHWHUV 'HVFULSWLRQ
9DOXHV
5HIHUWRH[SHULPHQWGDWD
p ,QLWLDOJDVSUHVVXUHLQVLGHWKHSUHVVXUHYHVVHO EDU
T ,QLWLDOJDVWHPSHUDWXUHLQVLGHWKHSUHVVXUHYHVVHO &
ȡ ,QLWLDOJDVGHQVLW\LQVLGHDYHVVHO NJP


W
F
 &UDFNZLGWK PP
5
JOREDO
 *OREDOURXJKQHVV ȝP
Į &UDFNVXUIDFHDQJOH ʌ
t &UDFNGHSWK PP

(YDOXDWLRQRIWKHSURSHUWLHVRIOHDNLQJDUJRQWKURXJKDFUDFN
4.1. Evaluation of the pressure of leaking argon through a crack 
)OXLGLVIRUFHGWKURXJKDFUDFNE\DSUHVVXUHJUDGLHQWH[LVWLQJDFURVVWKHZDOORIDSUHVVXUHYHVVHOGXULQJOHDNDJH
7KHSUHVVXUHGLVVLSDWLRQWKURXJKWKHFUDFNGHSHQGVRQWKHIORZJHRPHWU\DQGHIIHFWLYHURXJKQHVV7KHSUHVVXUHLV
ORVW WKURXJK WKH FUDFN E\ WKUHH PHDQV IULFWLRQ ZLWK FUDFN VXUIDFHȟ݌௙௥௜௖  LQHUWLD SUHVVXUHȟ݌௜௡௘௥௧ DQG WKH
UHFLUFXODWLRQRIWKHJDVȟ݌௥௘௖௜௥௖>@DVVKRZQLQ
IULF LQHUW UHFLUFp p p p'  '  '  '   
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)LJ&DOFXODWLRQ)ORZ&KDUWLQ0$7/$%3URJUDP
 6WDUW IURP WKH LQOHW RI WKH FUDFN GHILQH LQLWLDO JDV WHPSHUDWXUH T  DQG SUHVVXUH p  VDPH DV H[SHULPHQWDO
FRQGLWLRQ
'HILQHFUDFNJHRPHWU\SDUDPHWHUVDFFRUGLQJWR7DJJDUWHWDOPRGHODVIROORZV
&UDFNVXUIDFHDQJOHDYHUDJHIORZGLUHFWLRQDPSOLWXGHRIJOREDOURXJKHVV5JODPSFUDFNWKURXJKZDOOWKLFNQHVVWHIIFUDFN
ZLGWK:FHIIHFWLYHFUDFNZLGWK:FHIIHIIHFWLYHURXJKQHVV5HIIDQGJOREDOURXJKQHVV5JOREDO
)LQGWKHSUHVVXUHFKDQJHRI JDVGXULQJOHDNLQJWKURXJKWKHILUVWVPDOOSDUWRIWKHFUDFNZKLFKLVWKHVXPRISUHVVXUHGURS
E\IULFWLRQDOORVVLQHUWLDOORVVDQGUHFLUFXODWLRQORVV

&DOFXODWHWKHSUHVVXUHpRIJDVDIWHUOHDNLQJWKURXJKWKHILUVWVPDOOSDUWRIWKHFUDFN 
)LQGWKHFKDQJHRIWHPSHUDWXUHRIJDVGXULQJOHDNLQJWKURXJKWKHILUVWVPDOOSDUWRIWKHFUDFNᇞ ܶ ൌ ׬ Ɋ୎୘݌
୮మ
୮భ
ZKHUH
-RXOH7KRPVRQFRHIILFLHQWȝ-7LVFDOFXODWHGXVLQJ5.HTXDWLRQ

&DOFXODWHWKHWHPSHUDWXUHT  RIJDVDIWHUOHDNLQJWKURXJKWKHILUVWVPDOOSDUWRIWKHFUDFN
5HSHDWDERYHSURFHGXUHVWRIRUWKHFDOFXODWLRQRIRWKHULQFUHPHQWVRIWKHFUDFNWRREWDLQWKHSUHVVXUHDQGWHPSHUDWXUHRI
OHDNLQJJDVDORQJWKHFUDFNTTTÂÂÂpppÂÂÂ
&DOFXODWHJDV¶VVSHFLILFYROXPH ߥƸ LHWKHUHFLSURFDORIGHQVLW\IURPWKH5HGOLFK.ZRQJ5.HTXDWLRQ

&DOFXODWHJDVYLVFRVLW\E\XVLQJ/HPPRQ
HWDOPHWKRG

&DOFXODWHWKHUPDOFRQGXFWLYLW\RIJDVE\
XVLQJ/HPPRQHWDOPHWKRG

&DOFXODWH1XVVHOW1XPEHU1X


&DOFXODWH3UDQGWO
1XPEHU3U
 
&DOFXODWH5H\QROGV
1XPEHU5H

&DOFXODWHWKHKHDWWUDQVIHUFRHIILFLHQWhXVLQJWKHGHILQLWLRQRI1XVVHOWQXPEHU 
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
)LJ7KHSUHVVXUHRIOHDNLQJDUJRQWKURXJKDFUDFN
)LJXUHVKRZVWKHSUHVVXUHGLVWULEXWLRQRIOHDNLQJDUJRQWKURXJKDFUDFN$VLVHYLGHQWIURP)LJWKHSUHVVXUH
RIOHDNLQJDUJRQGURSVIURPEDUDWWKHHQWUDQFHRIWKHFUDFNWREDUDWWKHH[LWRIWKHFUDFN7KHSUHVVXUHRI
EDULVWKHPD[LPXPYDOXHRIWKHSUHVVXUHUHDFKHGLQVLGHSUHVVXUHYHVVHOGXULQJWKHH[SHULPHQW7KHWRWDOSUHVVXUH
GURSRIOHDNLQJDUJRQWKURXJKWKHFUDFNLVEDU
4.2. Evaluation of the temperature of leaking argon through a crack 
7KH-RXOH7KRPVRQHIIHFWLVDQLVHQWKDOSLFSURFHVVPHDQLQJWKDWWKHHQWKDOS\RIWKHJDVUHPDLQVFRQVWDQWGXULQJ
WKHSURFHGXUH>@,QWKHUPRG\QDPLFVWKHGLIIHUHQWLDOHTXDWLRQRIHQWKDOS\LV
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7KH WHPSHUDWXUHGLVWULEXWLRQRI OHDNLQJ DUJRQ WKURXJKD FUDFN LV LOOXVWUDWHG LQ)LJ $V VKRZQ LQ)LJ WKH
WHPSHUDWXUHRIOHDNLQJDUJRQGHFUHDVHVIURP&DWWKHHQWUDQFHRIWKHFUDFNWRq&DWWKHH[LWRIWKHFUDFN
7KH WRWDO WHPSHUDWXUH GURS RI OHDNLQJ DUJRQ WKURXJK WKH FUDFN LV  & 7KH ILWWHG WHPSHUDWXUH IRUPXOD ௜ܶ௡௙ ൌ
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]LVWKHFUDFNGHSWKWKURXJKZDOOLVXVHGDVERXQGDU\FRQGLWLRQRQ
WKHFUDFNVXUIDFHLQWKHVXEVHTXHQWKHDWWUDQVIHUVLPXODWLRQ
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4.3. Evaluation of heat transfer coefficient of leaking gas through a crack 
4.3.1. Petukhov correlation 
7KHKHDWWUDQVIHUFRHIILFLHQWLVDNH\LQSXWSDUDPHWHUZKLFKKDVWREHHYDOXDWHGDQGDSSOLHGLQWKHKHDWWUDQVIHU
DQDO\VLV$IWHU D OLWHUDWXUH VXUYH\ LW LV IRXQG WKDW 3HWXNKRY FRUUHODWLRQ>@ZLWK KLJK DFFXUDF\ LV VXLWDEOH IRU WKH
HYDOXDWLRQRIWKHKHDWWUDQVIHULQDSLSHQRWLQDFUDFN,WLVRQHRIWKHPRVWDFFXUDWHFRUUHODWLRQVIRUDVLQJOHSKDVH
IRUFHGFRQYHFWLRQZKLFKKDVDUHSRUWHGDFFXUDF\RIaDQGJLYHQE\
1XVVHOWQXPEHU  
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 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)URPWKHGHILQLWLRQIRUPXODRI1XVVHOWQXPEHUNu
 u
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O
   
7KHKHDWWUDQVIHUFRHIILFLHQWhFDQEHREWDLQHGDQGJLYHQE\
uNh
L
O   
ZKHUHOLVWKHUPDOFRQGXFWLYLW\LQ:Pā.7KHWKHUPDOFRQGXFWLYLW\RIDUJRQLVHYDOXDWHGE\HPSOR\LQJ/HPPRQ
HWDO>@PHWKRG
4.3.2. Extension of the application of Petukhov correlation to microchannels 
$GDPV HW DO>@ DSSOLHG 3HWXNKRY FRUUHODWLRQ WR PLFURFKDQQHOV E\ PDNLQJ VRPH PRGLILFDWLRQV 7KH
PLFURFKDQQHOV DUH VPDOOHU GLDPHWHU FLUFXODU FKDQQHOV ZLWK GLDPHWHUV RI  ±  PP ,Q WKLV SDSHU WKH KHDW
WUDQVIHULVRFFXUULQJLQDFUDFNQRWLQDSLSHRUDFLUFXODUFKDQQHO7KHUHIRUHDGGLWLRQDOPRGLILFDWLRQVZHUHPDGHWR
DSSO\$GDPVHWDO¶VWKHRU\WRDFUDFN
0RGLILFDWLRQRIFKDUDFWHULVWLFOHQJWKLQKHDWWUDQVIHUHTXDWLRQ
7KH FRUUHODWLRQ RI KHDW WUDQVIHU FDQ DOVR EH DSSOLHG WR QRQFLUFXODU FURVVVHFWLRQ HJ D FUDFN ZKHQ WKH
HTXLYDOHQWGLDPHWHULVXVHGDVWKHFKDUDFWHULVWLFOHQJWK>@7KHFRUUHODWLRQRIWKHHTXLYDOHQWGLDPHWHULV
H
 AL D
P
    
ZKHUH/LVFKDUDFWHULVWLFOHQJWKLQP'HLVWKHHTXLYDOHQWGLDPHWHULQP$LVWKHFURVVVHFWLRQDUHDRIDFUDFNP
3 LV WKHZHWWLQJ SHULPHWHUP )RU D WZR GLPHQVLRQDO FUDFNܣ ൌ ݈ ൈ ௖ܹܲ ൌ ʹሺ݈ ൅ ௖ܹሻ ZKHUH:F LV WKH FUDFN
RSHQLQJGLVSODFHPHQW,I݈ ب ௖ܹWKHQRQHFDQREWDLQ
H FL D W |   
0RGLILFDWLRQRI3HWXNKRYFRUUHODWLRQWRDFFRPPRGDWHWKHVPDOOGLDPHWHUVHQFRXQWHUHGLQPLFURFKDQQHOV
*QLHOLQVNL>@PRGLILHG3HWXNKRYFRUUHODWLRQWRH[WHQGWKH5H\QROGVQXPEHUUDQJHGRZQWR7KH*QLHOLQVNL
FRUUHODWLRQLVJLYHQE\
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ܥ ൌ ͹Ǥ͸ ൈ ͳͲିହܦ଴ ൌ ͳǤͳ͸Ͷ݉݉RHLV5H\QROGVQXPEHUDLVWKHGLDPHWHURIPLFURFKDQQHOV,QWKLVSDSHU
DGHQRWHVWKHFUDFNZLGWKWF
4.3.3. Evaluation of heat transfer coefficient of leaking argon through a crack 
7KH KHDW WUDQVIHU FRHIILFLHQW RI OHDNLQJ DUJRQ WKURXJK D FUDFN LV VKRZQ LQ )LJ  ,W LV VKRZQ WKDW WKH KHDW
WUDQVIHU FRHIILFLHQW RI OHDNLQJ DUJRQ ZLOO GHFUHDVH DORQJ WKH FUDFN WKURXJKZDOO SRVLWLRQ IURP WKH LQVLGH WR WKH
RXWVLGHRIWKHSUHVVXUHYHVVHO7KHKHDWWUDQVIHUFRHIILFLHQWRIOHDNLQJDUJRQGHFUHDVHVIURPî:P.DW
WKHHQWUDQFHRIWKHFUDFNWRî:PÂ.DWWKHH[LWRIWKHFUDFN7KHILWWHGKHDWWUDQVIHUFRHIILFLHQWIRUPXOD
݄ ൌ ͸ͷʹͻͳ݁ିଵ଼ଷ௭]LVWKHFUDFNGHSWKGLUHFWLRQLVXVHGDVERXQGDU\FRQGLWLRQRQWKHFUDFNVXUIDFHLQWKHODWHKHDW
WUDQVIHUVLPXODWLRQ
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
)LJ7KHKHDWWUDQVIHUFRHIILFLHQWRIOHDNLQJDUJRQWKURXJKDFUDFN
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6LPXODWLRQRIWKHWHPSHUDWXUHFKDQJHVLQWKHWHVWSODWH
$KHDWWUDQVIHUDSSOLFDWLRQPRGHOLVGHYHORSHGWRVLPXODWHWKHWHPSHUDWXUHFKDQJHLQWKHWHVWSODWHE\HPSOR\LQJ
WKH&2062/0XOWLSK\VLFVSURJUDP7KHVLGHYLHZRI'JHRPHWU\RIWHVWSODWHZLWKWKHWKURXJKWKLFNQHVVFUDFNLV
VKRZQ LQ )LJ  7KHPDWHULDO XVHG LQ WKLVPRGHO LV 6WHHO$,6, ZKLFK LV D EXLOWLQPDWHULDO LQ&2062/
0DWHULDOVOLEUDU\ZKLFKKDVVLPLODUSURSHUWLHVWRWKDWXVHGLQWKHH[SHULPHQW'XHWRV\PPHWU\FRQGLWLRQVRQO\D
'TXDUWHUPRGHORIWKHWHVWSODWHLVVLPXODWHGDVVKRZQLQ)LJ
7KHUHVXOWVRIPHVKVHQVLWLYLW\VWXG\DUHVKRZQLQ)LJ7KH)(PHVKHVRIWKHZKROHWHVWSODWHDQGWKHFORVH
XSRQWKHFUDFNVXUIDFHDUHVKRZQLQ)LJ7KHHOHPHQWXVHGLVD'WHWUDKHGUDOPHVKHOHPHQWZLWKWRWDOQXPEHU
RI HOHPHQWV RI  7KH HOHPHQW W\SH LV OLQHDU /DJUDQJH HOHPHQW ZLWK LQWHJUDWLRQ RUGHU  0RVW RI WKH PHVK
FRQFHQWUDWHVRQ WKHFUDFN VXUIDFH WRDFFXUDWHO\PRGHO WKH WHPSHUDWXUHFKDQJHVRI WKHPHWDO LQ WKHYLFLQLW\RI WKH
FUDFN

)LJ'LDJUDPRIWKHPRGHORIDJDVOHDNLQJWKURXJKDFUDFNRQWKHZDOORIDSUHVVXUHYHVVHO


)LJ4XDUWHUPRGHORIWHVWSODWH


/LQHRIV\PPHWU\
:DOOWKLFNQHVV
7KURXJKWKLFNQHVVFUDFN
,QVLGHSUHVVXUHYHVVHO
2XWVLGHSUHVVXUHYHVVHO
*DVOHDNLQJWKURXJKDFUDFN
[
\
&UDFNVXUIDFH
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)LJ&DOLEUDWLRQRIPHVKVHQVLWLYLW\



)LJ)(0HVKHVRIWKHZKROHWHVWSODWH
6LPXODWLRQUHVXOWVDQGGLVFXVVLRQ
)LJXUHVKRZVWKHVLPXODWHGWHPSHUDWXUHGLVWULEXWLRQRQWKHWHVWSODWH,WLVQRWLFHGWKDWWKHORZHVWWHPSHUDWXUHV
LQWKHYLFLQLW\RIWKHFUDFNLVq&7KHPD[LPXPWHPSHUDWXUHGURSRIWKHWHVWSODWHIURPWKHDPELHQWWHPSHUDWXUH
LVq&
6.1. Selection of appropriate experimental data for comparison with simulation results 
7KHORZHVWWHPSHUDWXUHRQWKHRXWVLGHVXUIDFHRIWKHWHVWSODWHLQWKHGLDJRQDOGLUHFWLRQWRWKHFUDFNOLQHLVORZHU
WKDQWKDWRIKRUL]RQWDOGLUHFWLRQWRWKHFUDFNDVVKRZQLQ)LJDQG)LJ>@+RZHYHUWKHUHLVDGHSUHVVLRQDORQJ
WKHGLDJRQDOGLUHFWLRQZKLFKLVFDXVHGE\ WKHPDFKLQLQJSURFHVVDV LOOXVWUDWHG LQ)LJ7KH WHPSHUDWXUHUHVXOWV
245 Y.H. Liu and G. Ai /  Procedia Engineering  130 ( 2015 )  232 – 249 
PD\ EH DIIHFWHG E\ WKH GHSUHVVLRQ LQ WKH GLDJRQDO GLUHFWLRQ WR WKH FUDFN OLQH DV WKH OHDNLQJ JDV LPSDFWV WKH
GHSUHVVLRQGLUHFWO\7KHUHDUHQRUHFHVVHVRUGHIHFWVRQWKHSDWKRIWKHKRUL]RQWDOGLUHFWLRQWRWKHFUDFN7KHUHIRUH
WKHWHPSHUDWXUHUHVXOWVRQWKHRXWVLGHVXUIDFHRIWHVWSODWHLQWKHKRUL]RQWDOGLUHFWLRQWRWKHFUDFNOLQHDUHVHOHFWHGWR
FRPSDUHZLWKWKHVLPXODWLRQUHVXOWVDVVKRZQLQ)LJ,Q)LJWKHPHDVXUHGORZHVWWHPSHUDWXUHRQWKHRXWVLGH
VXUIDFHRI WKH WHVWSODWHLQ WKHKRUL]RQWDOGLUHFWLRQ WR WKHFUDFN OLQHGXULQJ WKH-RXOH7KRPVRQFRROLQJSHULRG LV
q&DQG WKH ORZHVW WHPSHUDWXUHREWDLQHGIURPVLPXODWLRQ LVq& ,WFDQEHFRQFOXGHG WKDW WKHVLPXODWLRQ
UHVXOWVDJUHHZHOOZLWKWKHH[SHULPHQWDOUHVXOWVRQWKHHYDOXDWLRQRIWKHORZWHPSHUDWXUHLQWKHYLFLQLW\RIWKHFUDFN
,WVKRXOGEHQRWLFHGWKDW WKHREWDLQHGORZHVW WHPSHUDWXUHLQVLPXODWLRQLVQRW WKHORZHVW WHPSHUDWXUHRQWKHFUDFN
VXUIDFHLQH[SHULPHQW7KLVSRLQWZLOOEHH[SODLQHGLQWKHIROORZLQJVHFWLRQ
6.2. Analysis of results 
,Q )LJ  LW LV QRWLFHG WKDW WKH -7 FRROLQJ HIIHFW GHFD\V ZLWK WKH GHFUHDVLQJ RI WKH JDV SUHVVXUH LQVLGH WKH
FRQWDLQHUV GXH WR WKH OLPLWHG VXSSO\ RI JDVZKLFK UDQ RXW ,I WKHUH LV HQRXJK JDV VRXUFH VXFK DV LQ D ORQJ JDV
SLSHOLQH RU ODUJH YHVVHO LH XQGHU WKH LQILQLWH VRXUFH FRQGLWLRQ WKH -7 FRROLQJ HIIHFW FDQ FRQWLQXH LQGHILQLWHO\
)XUWKHUPRUHLI WKHSUHVVXUHGLIIHUHQFHEHWZHHQLQVLGHDQGRXWVLGHRISUHVVXUHYHVVHOLVNHSWFRQVWDQW WKHSUHVVXUH
LQGXFHGVWUHVVHV LVPDLQWDLQHG WRGULYH WKHSURSDJDWLRQRI WKHFUDFN ,Q WKLV UHJDUG WKH-7FRROLQJHIIHFW LVPXFK
PRUHGDQJHURXVIRUODUJHUSUHVVXUHYHVVHOVRUSLSHOLQHZLWKDODUJHYROXPHRIJDV
5HHSPH\HUHWDO>@KDYHFDUULHGRXWVHYHUDOK\GUDXOLFIXOOVFDOHIDWLJXHWHVWVWRWHVWWKH-7HIIHFWGXULQJOHDNDJH
LQDFFRUGDQFHZLWKWKHUHTXLUHPHQWVLQ'HW1RUVNH9HULWDV'19UXOHVIRU&1*FDUULHUVFDUU\LQJSUHVVXUHYHVVHOV
RIEDU7KH ORZHVW WHPSHUDWXUHFORVH WR WKHH[LWRI WKHFUDFNGXULQJ OHDNDJHZDVDURXQGíq&DW WKH VWHHO
VXUIDFH7KH\VWDWHGWKDWWHPSHUDWXUHVEHORZq&FDQUHVXOWLQWKHHPEULWWOHPHQWRIWKH;SLSHOLQHVWHHO)URP
WKHLQVSHFWLRQRIWKHIUDFWXUHKRZHYHUQRHYLGHQFHZDVIRXQGIRUDEULWWOHFUDFNJURZWKGXULQJWKHFRROLQJGRZQ
WHVW7KHUHIRUHLWLVQRWDSSURSULDWHWRHYDOXDWHWKHVHYHULW\RIWKHLPSDFWRIWKH-7FRROLQJHIIHFWRQWKHUHOLDELOLW\RI
SUHVVXUHYHVVHOVEDVHGRQWKHORZHVWWHPSHUDWXUHRQWKHFUDFNVXUIDFHDVWKHDUHDRIH[WUHPHORZWHPSHUDWXUHLVYHU\
VPDOOGXHWRWKHORFDOL]HGFRROLQJHIIHFW,QDGGLWLRQLWWDNHVHQRXJKWLPHWRFUHDWHDVLJQLILFDQWYROXPHRIPDWHULDO
DW ORZ WHPSHUDWXUH DV WKH KHDY\ F\OLQGHUZDOO DFWV DV D ODUJHKHDW EXIIHU ,Q FRPSDULVRQ WKH ORZHVW WHPSHUDWXUH
VLPXODWHGLQWKLVSDSHULVPRUHXVHIXODVLWSUHGLFWVWKHWHPSHUDWXUHORFDWHGDWDFHUWDLQGLVWDQFHIURPWKHFUDFNWKH
\HOORZFLUFOHDVVKRZQLQ)LJ


)LJ6LPXODWHGWHPSHUDWXUHGLVWULEXWLRQRQWKHWHVWSODWH
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)LJ7HPSHUDWXUHFKDQJHLQGLDJRQDOGLUHFWLRQWRWKHFUDFNOLQHRQWKHRXWVLGHVXUIDFHRIWHVWSODWH


)LJ$UHFHVVQHDUWKHFUDFNRQWKHVXUIDFHRIWKHWHVWSODWH
+RUL]RQWDO
'LDJRQDO
$UHFHVV
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6WRSJDVVXSSO\

)LJ&RPSDULVRQEHWZHHQH[SHULPHQWDODQGVLPXODWLRQUHVXOWDWWKHORZHVWWHPSHUDWXUH


)LJ/RFDWLRQRIWKHORZHVWWHPSHUDWXUHWHVWSRLQW
7KH KHDW WUDQVIHU DPRQJ OHDNLQJ JDV WHVW SODWH DQG VXUURXQGLQJ HQYLURQPHQW ZRXOG HYHQWXDOO\ UHVXOW LQ D
VLJQLILFDQW WHPSHUDWXUHJUDGLHQWRQ WKH WHVWSODWH$FFRUGLQJ WRSUHYLRXV UHSRUW>@ WKH WHPSHUDWXUHGLVWULEXWLRQRQ
WKHWHVWSODWHLVUDGLDOGLUHFWLRQGHSHQGHQWWKHWHPSHUDWXUHFKDQJHLQKRUL]RQWDODQGGLDJRQDOGLUHFWLRQWRWKHFUDFN
OLQHKDVDVLPLODUWUHQG7KHVKDUSWHPSHUDWXUHJUDGLHQWZLOOFDXVHWHQVLOHWKHUPDOVWUHVVHVZLWKDWHQGHQF\WRRSHQ
WKHFUDFNIXUWKHUDW WKHFUDFNWLSZKLFKFRLQFLGHVZLWKWKHKLJKHVW WHPSHUDWXUHJUDGLHQW,I WKHORZHVW WHPSHUDWXUH
REWDLQHG DW WKH FLUFOH ORFDWLRQ LQ )LJ  LV EHORZPDWHULDOV¶ HPEULWWOHPHQW WHPSHUDWXUH WKHQ WKH WHPSHUDWXUH RI
PDWHULDOVLQVLGHWKHUHFWDQJXODUDUHDLHWKHUHJLRQDOORZHVWWHPSHUDWXUHDUHDZLOOGURSWRPXFKORZHUWHPSHUDWXUH
WKDQWKDWDWWKHORFDWLRQRIWKHORZHVWWHPSHUDWXUHWHVWSRLQW7KHQWKHZKROHORZWHPSHUDWXUHUHJLRQLQWKHYLFLQLW\
/RFDWLRQRIWKHORZHVW
WHPSHUDWXUHWHVWSRLQW
5HJLRQDOORZHVWWHPSHUDWXUHDUHD
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RIWKHFUDFNPD\WULJJHUWKHWUDQVLWLRQRISUHYLRXVO\VWDEOHFUDFNSURSDJDWLRQWRUDSLGXQVWDEOHJURZWKDQGDIIHFWWKH
YDOLGLW\RI/%%SULQFLSOH7KHUHIRUH LW LVQHFHVVDU\ WRFDUU\RXW IXUWKHUVWXGLHVDERXW WKH-RXOH7KRPVRQFRROLQJ
HIIHFWGXULQJOHDNDJHWRLQFUHDVHWKHVDIHW\DQGUHOLDELOLW\RISUHVVXUHYHVVHOVHVSHFLDOO\WKHSUHVVXUHYHVVHOVVWRULQJ
RUWUDQVSRUWLQJJDVXQGHUKLJKHUSUHVVXUHORFDWHGLQFROGUHJLRQV
&RQFOXVLRQV
,Q WKLV SDSHU D WZRVWDJH VLPXODWLRQPHWKRG LV SURSRVHG WR VLPXODWH WKH KHDW WUDQVIHU RI KLJK SUHVVXUH DUJRQ
OHDNLQJWKURXJKDQDUURZFUDFNWRLGHQWLI\WKHLPSDFWRIWKH-RXOH7KRPVRQFRROLQJHIIHFWRFFXUUHGGXULQJOHDNDJH
7KH ILUVW VWDJH LV WKH SURSHUWLHV HYDOXDWLRQ RI WKH OHDNLQJ DUJRQ WKURXJK D FUDFN E\ XVLQJ 0$7/$% SURJUDP
IROORZHGE\ WKHVHFRQGVWDJHZKLFK LV WKH WHPSHUDWXUHVLPXODWLRQRI WKH WHVWSODWHE\HPSOR\LQJ WKHKHDW WUDQVIHU
PRGHOLQWKH&2062/0XOWLSK\VLFVSURJUDP
7KHFDOFXODWHGSUHVVXUHRIOHDNLQJDUJRQGURSVIURPEDUDWWKHHQWUDQFHRIWKHFUDFNWREDUDWWKHH[LWRIWKH
FUDFN7KHORZHVWWHPSHUDWXUHRIWKHWHVWSODWHLQWKHYLFLQLW\RIWKHFUDFNREWDLQHGIURPWKHVLPXODWLRQLVq&
DQG WKH WHVWHG ORZHVW WHPSHUDWXUH RQ WKH RXWVLGH VXUIDFH RI WKH WHVW SODWH LV  q&7KHUH LV D JRRG DJUHHPHQW
EHWZHHQWKHVLPXODWLRQDQGH[SHULPHQWDWWKHREWDLQHGORZHVWWHPSHUDWXUHLQWKHWHVWSODWH7KHORZHVWWHPSHUDWXUH
REWDLQHGIURPWKHSURSRVHGPHWKRGSUHGLFWVWKHWHPSHUDWXUHORFDWHGDWDFHUWDLQGLVWDQFHUHJLRQDOFRROLQJIURPWKH
FUDFNLQWKHH[SHULPHQW&RPSDUHGZLWKWKHORFDOL]HGFRROLQJWKHUHJLRQDOFRROLQJLVOLNHO\WRDIIHFWWKHYDOLGDWLRQ
RI/%%DSSURDFK7KHUHIRUHWKHSURSRVHGWZRVWDJHVLPXODWLRQPHWKRGLVDXVHIXOWRROIRUSUHGLFWLQJWKHUHJLRQDO
ORZHVWWHPSHUDWXUHDQGSDYLQJWKHZD\IRUWKHIXUWKHUVWXG\RIWKH-RXOH7KRPVRQFRROLQJHIIHFWGXULQJOHDNDJH
$FNQRZOHGJHPHQWV
7KHZRUNZDVVXSSRUWHGE\WKH3URMHFWRI,QWHUQDWLRQDO&RRSHUDWLRQDQG([FKDQJH16)&DQGE\
WKH1DWLRQDO6FLHQFH)RXQGDWLRQIRU'LVWLQJXLVKHG<RXQJ6FKRODUVRI&KLQD
5HIHUHQFHV
>@ 00DURQJLX3RUFX;:DQJ0-(FRQRPLGHV7KHHFRQRPLFVRIFRPSUHVVHGQDWXUDOJDVVHDWUDQVSRUWLQ63(5XVVLDQ2LO	*DV
7HFKQLFDO&RQIHUHQFHDQG([KLELWLRQ0RVFRZ5XVVLD
>@ 69DOVJnUG25HHSPH\HU3/RWKH1.6WU¡P.0¡UN7KHGHYHORSPHQWRIDFRPSUHVVHGQDWXUDOJDVFDUULHU LQWK ,QWHUQDWLRQDO
6\PSRVLXPRQ3UDFWLFDO'HVLJQRI6KLSVDQG2WKHU)ORDWLQJ6WUXFWXUHV/EHFN7UDYHPQGH*HUPDQ\
>@ *:LONRZVNL/HDNEHIRUHEUHDN:KDWGRHVLWUHDOO\PHDQ"-3UHVV9HVVHO7HFKQROS
>@ 5+3HUU\':*UHHQ3HUU\
V&KHPLFDO(QJLQHHUV
+DQGERRN0F*UDZ+LOO%RRN&RPSDQ\
>@ %15R\)XQGDPHQWDOVRI&ODVVLFDODQG6WDWLVWLFDO7KHUPRG\QDPLFV1HZ<RUN:LOH\
>@ :&(GPLVWHU%,/HH$SSOLHG+\GURFDUERQ7KHUPRG\QDPLFVQGHGLWLRQ9RO2[IRUG*XOI3XEOLVKLQJ
>@ $:$GDPVRQ&KDSWHU±&KHPLFDOWKHUPRG\QDPLFV7KH)LUVW/DZRI7KHUPRG\QDPLFVLQ$WH[WERRNRI3K\VLFDO&KHPLVWU\
$FDGHPLFSUHVV
>@ *:&DVWHOODQ&KDSWHU±(QHUJ\DQG WKH)LUVW/DZRI7KHUPRG\QDPLFV7KHUPRFKHPLVWU\ LQ3K\VLFDO&KHPLVWU\$GGLVRQ
:HVOH\
>@ )5HLI&KDSWHU ±6LPSOH DSSOLFDWLRQV RIPDFURVFRSLF WKHUPRG\QDPLFV )XQGDPHQWDOV RI 6WDWLVWLFDO DQG7KHUPDO 3K\VLFV 1HZ
<RUN0F*UDZ+LOO
>@ 0-DQVVHQ)UDFWXUH0HFKDQLFVHG/RQGRQ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